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Summiiiiiary. Seedlings of wheat (Triticum vestivumin L.) were grown in special
holders that permitted the coleoptile and early roots to develop in m3ist air. The orien-
tation of the organs of seedlings erect to gravity was compared with that of organs
produced on a horizontal clinostat. Orientation was described by the angular position
of each organ tip with reference to the axis of the embryo. Comparative tests were
also made with barley, rye, and oat seedlings.

The coleoptile of all species developed curvatures in 3 dimensions when geotropic
responses were eliminated. The primary root was not precise in its positive geotropism.
Seedlings grew on clinostats with much greater variations in the lateral orientation
of the central root and with a tendency for it to curve awav from the endosperm to
a greater degree than in erect seedlings.

The symmetry of root system in wheat was found to depend on a specific mechan-
ism. Under the influence of gravity the earliest lateral roots were oriented in a plane
at characteristic angles of about 57.5° with the ideal primary root. The corresponding
angles for lateral roots growing on clinostats were greater by abotut 47.50 as a result
of epinasty not previously reported in roots. This force also appzared to be active
in the seminal roots of barley and rye but not of oats.

The curvatures in coleoptiles grown without the directional effects of gravity cor-
respond to the results of growth imbalance in Coleus stems in the absence of lateral
transport of their auxin by gravity. Root epinasty appears to be based on auxin im-
balance. Curvatures in the primary root are also interpreted as results of asymmetrical
distribution of growth hormone.

The bilateral symmetry of a youing wheat seed-
ling contrasts sharply with the irregular form of
seedlings of other small cereal grains. The coleop-
tiles are axial in all species but only wheat has a
well-defined primary root flanked first by a pair
of lateral roots that grow at equial angles and in
approximately the same plane with the primary
root. Later a second pair of seminal roots grow
in the same plane and at nearly equal but larger
angles wNith the primary root. These early roots
of wheat seedlings are also essentially straight ex-
cept as their forward growth is diverted by obstruc-
tions in the rooting meditum.

Morphologists have described the variations and
lack of symmetry in the seedlings of such grains
as oats, rye, and barley (5, 13,16). The first roots
of species other than wheat exceed 3 in ntumber and
fail to show a pattern except that most of the early
roots grow downward together. Their positive geo-

1 Supported by the National Aeroniautics and Space
Administration through research grant NsG-231 and re-
search contract NAS2-1558.

tropic responses are so weak, however, that the root
system spreads out in 3 dimensions just below the
seed in any growth medium.
A tendency for the primary root of wheat to

be slightly plagiotropic was observed by Rufelt (15)
when he suspended the seedling with its roots in an
aqueous medium. His photographs show this de-
parture from the vertical after the root had grown
nearly straight down for 1 or 2 cm. The result
was a growth cuirvatture toward the coleoptile side
of the embryo although anatomy was disclaimed as
a directional factor. Porodko (14) noted that the
primary root of maize does not grow straight down
in loose sawdust. Other writers (1, 7) have de-
scribed irregular deviations from positive geotropic
responses in seedling roots growing in moist air
but no causes have beeni established for any stuch
growth curvatures.

Recent demonstrations of the effect of gravity
on the distribution of growth regulators (auixin)
in coleoptiles (4,6) and in the petioles (10),
branches (9), and axis (12) of an upright plant
suiggest the possibility of comparable hormonal rela-
tions elsewhere, particularlv within symmetrical root
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systems. The need for correlatinig tropistic forces
and growth regulators in a terrestrial plant starts
With seed germination. For this investigation we
ised young wheat seedlings in which growth re-
sponses to gravity can be measllre(l simuiltaneouisly
for all their organs.

Methods and Materials

See(elings of wheat (Tr-iticumiii aestizvio L.), bar-
ley (Hordeutin zuidqare L.), rye (Secaile cereale L.),
an(l oats (Azena satiza L.) were growin in special
holders and moist chambers for 3 or more days.
The primary cuilture system was designed to ger-
minate sets of 12 or 15 seeds held in tuibes from
which water, supported in a matrix of finq vermicui-
lite, coultd enter the endosperm and thence move
into the emnbryo (fig 1). As each seed germinated,
the roots and coleoptile developed in air at 100 %
relative huimiditv. The seeds were spaced to min-
imize contact of seedling organs with each other or
with the plastic tuibes that held the young plants,
grown in (larkness at 25 -+- 0.5° to avoid phototropic
reactions.

'The seeds were sterilized chemically, vaslhed,
immersed for 4 houirs in aeratedI water, andl then
iniserted part way throuigh holes in rubber mem-
hranes ot the holder system (tig 1).
enld of the seed remained otutside, wvitl
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FIG. 1. Plastic hol(ler sy stem for cul
seedlings in Imloist air of a sealed chamber

FIG. 2. Tracin1gs of projected I)ictures of wvheat seed-
lings and holder. Diagrams showN method of (o)taining
coordinates for computing angular positions of organs.
In data tables (of arbitrary units) C = coleoptile; PR
= primary root; LR = left root; RR = ri-lgt root.

1The embryo pointiig toward the endl of the holder that was down
h the radicle when the seed was germiinated in the erect posi-

tion. These operations were carried otit iiiider
lighting from cool white florescenit lamps.

Growth responises to gravity in erect planits were
eliminated in control experiments 1y rotatinig the

EfD germinating plants abouit their axes on a horizontal
clinostat. The system of cylindrical moist chamber

n*r D aind muiltiple-seedl holder was tuirned without vibra-
D E R\ tion at I rph.

The orientation of coleoptile and roots in 3 di-
N T) mensions was recorded by color photography and

measured with dividers and scale from projections
on a wall screen. The enlargement w\as 4.3 X nat-
ural size. As illtustrated in figture 2, the face view
of a seedling appeared in or was projected on the

)r plane in which the 4 organs made their initial
growth. Each onie was oriented at a measuirable
angle with the vertical axis of the plant. The side
view (fig 2), takeni simultaneously with a mirror
set at 450 to the axis of photography, showed a

Bubber Ban d second angle wvhich each organ macle with the
,.,RFubber Eand

vertical axis if the organ grew otut of the face-view
)_ Embryo plane, either away from or toward the camera.

.-Seod The orientation of each seedling orgall was de-
scribed quantitatively by the 2 angles made with the

lln + Beessa-. plant's axis as they Nvere displayed in the face andl
side views. Many variations in the root ani(l cole-
optile curvatures from plant to plant andI along! each
organ made it practical to definie each angle as
that bounded by the vertical axis of the embl)ryo and
a line joining the tip and axial base of the organ.

Iture of cereal Face-view angles were meastured clockwise from the
v,ertical line above ani erect embryo whil^ side-xieew
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angles were measured from the 00 position of a cole-
optile and from the down (1800) position of a root,
the normal orientations for an upright seedling.
Positive and negative values of these side-view
angles were assigned as left and right, respectively,
of the vertical axis because most cturvatures of all
organs were away from the endosperm side of a

seed, hence left in the mirror image (cf. fig 2,3).
Data for computing angles were obtained from

the x, y, and z coordinates for the tips of each
organ, measured from the 0, 0, 0 point on the ver-
tical axis, as shown in figture 2. Measurements of
angles in degrees were provided through a com-

pulter program, based on the arctan values of x/y
and z/y.

Smaller numbers of wheat seedlings were also
germinated in darkness in pots of mellow soil or on

the surfaces of 2 % agar plates for 72 hours. Face-
view angles for the plants grown in soil were meas-

uired directly after the roots were washed and al-

lowed to spread freely in water. The corresponding
angles for plants grown with the brush end of the
endosperm embedded in a vertical sheet of agar
were also measured directly from the seedlings.

Soil culture of seedlings could be tused for erect
plants only. The agar plate method permitted ger-
mination either in the erect position or on a clino-
stat that tutrned the seedlings at 1.5 rph. Time
lapse pictures of germination in the 2 positions on

agar were used for reconstructing growth seqtuences.

Experimental Results

Figutres 2 and 3 show the tustual forms of wheat
seedlings as they grow withl all organs free to de-
velop in 3 dimensions, with and withotut a tropistic
effect of gravity. Table I displays meast'rements
of means of the 2 orientation angles, in face and
side views, for the 4 organs in representative sets

Table I. Sample Records of Mean Lengths and Orientation Angles of WVheat Seedling Organs after 72 Hours
Germination in holder system; angles in degrees; CO = coleoptile; PR - primary root; LR = left root,

RR = right root.

Posi- Seed CO Face Side PR Face Side LR Face Side RR Face Side
tion no mm view view mm view view mm view view mm view view
Erect 12 9.0 4.7* 8.1 35.0 182.0 11.2 20.1 236.8 30.5 20 5 116.9 19.4

±0.9 +0.8 ±1.2 ±1.4 ±2.3 ±2.7 ±0 6 +1.4 ±6.2 ±1.0 ±1.8 ±5.5
Clinostat 15 9.7 7.5* 10.3 31.7 ** 46.8 19.5 292.5 132.0 20.1 71.4 124.3

+1.0 ±2.3 ±1.5 +1.1 ±9.0 - 0.9 -+-6.1 ±11.1 ±1.1 ±5.8 ±15.9
* Mean lateral curvature from erect position (00).

** Mean is not significant; mean deviation from 1800 = 46.8 + 9.00 in contrast with mean deviation of 5.4 ± 1.70
for primary root of erect plants.

Table II. Meant Orientation Angles of Seedling Organs

Coleoptile Primary root Left root Right root
Seedlings Face* Side** Face Side Face Side Face Side
Wheat
Erect 130 3.8 +5.5 184.2 12.4 237.0 21.3 121.7 18.4

+SE 0.4 1.8 0.9 1.0 1.3 1.6 1.4 1.3
Clinostat 246 11.4 12.8 44.4 285.1 116.7 75.1 123.7

+ SE 0.8 1.4 3.0 1.8 3.7 1.8 4.0
Barley
Erect 24 4.4 + 12.1 180.1 6.5 192.1 19.6 156.0 17.2

+ SE 1.3 1.6 1.1 1.2 3.0 2.6 2.9 2.8
Clinostat 15 10.0 +26.1 66.7 257.7 77.9 79.5 95.7

+SE 3.0 3.2 12.7 13.3 10.6 9.3 16.9
Oats
Erect 23 6.7 6.8 180.8 15.1 196.8 22.3 163.5 26.1

+SE 1.4 1.1 3.1 2.5 3.6 3.1 2.9 3.1
C!inostat 20 24.9 20.0 24.7 185.7 40.2 131.6 41.5

+SE 4.5 4.6 4.9 13.8 9.5 8.5 9.2
Rye
Erect 20 3 7 3.6 182.9 7.3 193.2 12.3 164.7 13.6

+SE 0.9 1.2 2.8 1.4 4.7 2.9 4.2 3.1
Clinostat 14 15.4 9.9 52.0 254.3 78.5 129.5 79.9

+ SE 3.8 1.7 11.9 10.2 13.2 22.3 13.5
* Angle measures the mean curvature from 00, left and right.
' Ap. u vau fo a sieve anl shw.htalcraue eea~a rmtese
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of seedlings grown in the erect and clinostat posi-
tions for 3 days on seed holders. Table I also in-
cludes data for lengths of organs as they develop
in moist air.

The means of angles for many experiments with
4 species, with and without geotropic growth re-

sponses, are shown in table II. The relatively small
standard errors in these means for wheat seedlings
emphasize the contrasting measurements for seed-
ling form in the 2 positions of germination.

Coleoptile. When the wheat coleoptile reaches
a length of 7 or 8 mm, it often fails to continue
its straight growth even if it is erect to gravity.
Curvatures to the right or left in face view are

equally numerous but unbalanced growth rarely
catuses the tip to bend away from the embryo side
of the seed, even when it germinates on a rotating
clinostat. The outward growth curvatures are 2 or

3 times greater on the average (cf. table II) when
the gravity vector is not alined along the axis of the
organ, due in part to strong curvattures in a few
seedlings of each set (cf. fig 3).

Primary Root. This central root of wheat com-

monly fails to have its tip straight down in erect
plants; the position varies laterally by several de-
grees arouind a mean slightly greater than 1800.
The root also tends to cuirve outward but seldom at
an angle greater than 200 in the side view. Such
displacement of a few degrees from the plant's axis
is ustually evident as soon as the root starts to grow

(fig 3).
In the absence of gravitational force along the

axis of the eml)ryo, the primary root grows in an

unpredictable direction. It often starts ouitward at
an angle close to 900 with the plane of the embryo;
later it may tuirn upward past the seed as seen in

the face view. The usual result of germination on

a clinostat, however, is a lateral position far from
the 1800 line (fig 3); the average deviation for the
246 seedlings of this report was 37.4 + 4.10 as

opposed to a corresponding lateral deviation of 7.9

0.40 for the 130 seedlings that germinated erect
to gravity.

As viewed from the side, the mean orientation
angle for primary roots grown on a clinostat is
close to 450 (cf. fig 3, table II), usually with about
20 % of them over 900 and very few of the root
tips suspended on the seed holder side of the seed's
axis. The average displacement of the root tip
from the 1800 position was over 3.5 times greater
than when the seedling grew erect to gravity (cf.
tables I, II, fig 3).

Lateral Roots. The first seminal roots of erect
wheat seedlings differ greatly in orientation from
those of seedlings germinated on a horizontal clino-
stat. Under the influence of gravity, these roots
grow laterally at mean angles of 57 to 580 with
the central root (as in fig 3). In the absence of
gravity's directive effect, these characteristic angles
are increased by 47 to 480 to form mean angles of
abotut 75 and 1050 with the 2 sides of the seedling
axis (fig 3, table II). The symmetry tends to be
preserved in each rotated seedling as the lateral
roots grow faster on the sides that are lower when
the plant is erect. Figure 3 illustrates the consis-
tency of this growth response when the unilateral
action of gravity is eliminated.

The side-view angles of these roots on an erect
seedling average about 200 from the 1800 position.
Unlike the growth form of the primary root, how-
ever, the displacements of the lateral roots are dis-
tributed between the 2 sides of the plane of the
embryo (cf. fig 3).

The corresponding side-view angles for seedlings
grown on a clinostat are several times larger (tables
I, II, fig 3). Most of the lateral roots of rotated
plants cturve outward from the plane of their origin.
The relatively high standard errors for the average

side-view angles indicate considerable variability in
distribtution of their growth regulators but the ac-
tion of gravity seems to reduce the inherent im-
balances to some extent.

Table III. Effect of Culture Method on Size and Orientation Angles

Coleoptile Primary root Left root Right root
Wheat Mean Face* Mean Face Mean Face Mean Face
culture length view length view lengtlh view length view
system mm Angle mm Angle mm Angle mm Angle

Erect
In soil 25.8 4.5 65.4 184.1 41.9 229.4 43.1 127.9

+1.9 +0.9 ±4.2 ±2.3 ±2.2 ±2.0 ±2.5 +2.8
In holders 6.4 3.8 30.4 184.2 17.4 237.0 17.2 121.7

+0.4 ±0.4 ± 1.3 +0.9 +0.6 ± 1.3 +0.7 ± 1.4
On agar 9.5 5.7 31.5 183.5 23.4 221.8 23.4 139.7

+0.6 +0.9 ±+1.7 ±+1.7 ± 1.2 +2.3 ±+1.2 ±1.7
Clinostat

In holders 6.7 11.4 30.8 ** 17.9 285.1 18.7 75.1
±0.5 ±0.8 ±0.9 +0.5 +1.8 +0.6 ±1.8

On agar 12.9 24.3 33.5 ** 29.8 242.6 30.4 120.8
±0.8 ±3.9 ±+1.3 ±+1.4 +4.3 ± 1.2 ±3.1

* Angle for coleoptile is mean deviation from 00, not is not significant.
** Orientation is so variable that mean face-view anglemean orientation.
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- E JX __ C
FIG. 3. Wheat seedlings after germination for 72 hours in erect (E) and horizontal clinostat (C) positions.

Side-view images appear in 450 mirror at left of each face view.

1069



LYON AND YOKOYAMA-ORIENTATION OF WHEAT SEEDLING ORGANS

Seedlings in Soil. The orientation of roots and
coleoptiles of wheat plants grown erect in soil
showed that seedling organs develop in moist air
much the same as in soil. Table III includes data
on organ length and mean face-view angles for 30
wheat seeds germinated in soil for 3 days. Seed-
lings of this age in plastic holders were muich smaller
bult the organs grew at essentiallv the same angles
with their seedling axes when all plants were up-
right.

Seedlings on Agar. Germination in moist cham-
bers over agar produced erect plants with organs
slightly longer than those of seedlings grown in
plastic tuibe holders (table III). The important
differences in form of seedlings appeared in the
angles between the central and lateral roots. Thesc
angles were smaller than for either of the other
methods of culture; yet the roots developed free
in the moist air as they did in the special holder
method in which the lateral roots grew at slightly
greater angles with the central root than in the
soil method.

The coleoptiles and lateral roots of seedlings
grown on clinostats were much longer when they
grew near agar than when they were supplied with
water from plastic tuibes. The orientation of organs
was also different in agar-grown plants. The
greater mean curvatuires in the coleoptiles were as-
sociated with longer shoots in agar cultuire. The
failture of the lateral roots of the erect and clinostat
plants to differ in mean orientation angles by more
than about 200, as opposed to differences more than
twice as large when grown in plastic holders. may
be significant; the smaller increments in angular
position of the lateral roots when the seedlings grew
on clinostats are correlated with the smaller angles
between these lateral roots and the central root
when the wheat seedlings germinate erect on agar.

Alternation of Growth Position. Tests to distin-
gtuish between a possible effect of gravity on the
angle of emergence of wheat roots and the lateral
transport of auxin by gravity within elongating
roots (2) were conduicted by permitting only about
half of the 3-day germination to take place either
erect to gravity or on a clinostat. The root elonga-
tion was completed with the set of seedlings in the
alternate growth position. Significant changes in
orientation of the root tips after the change in

position would reflect a gravitational effect duiring
the elongation process.

The orientation angles of each root were meas-
ured from photographs taken after 38 hours of
germination in the first position and a second set
of photographs taken at the close of the 72-hour
experiment. The results from 17 such tests, each
with 12 or 15 seeds at the start, are shown in table
IV.

The position of the primary root cotuld not be
altered much by growth in a second position since
about two-thirds of the elongation had been com-
pleted before the shift. The most significant change
was that produced in the mean side-view angle of
about 550 after initial growth on the clinostat; dur-
ing later growth in the erect position, the root tips
grew downward enough to reduce greatly this angle
of displacement from the seedling axis. The lateral
deviations in the face-view angles were also smaller
in erect plants.

An effect of gravity dturing the elongation period
appears clearly in the data for both face- and side-
view angles of the lateral roots. For change of
growth position either from erect to clinostat or
vice versa, the face-view angle between the root
and a 1800 orientation line was larger when the
seedlings had just been growing on a clinostat. The
side-view angle increased sharply if the shift was
made to the clinostat and decreased when the plants
were set erect to gravitv after rotation in the
horizontal position.

Tests With Other Species. From a limited ntum-
ber of tests with 3 other grains germinated in the
plastic holders, the seedling organs of barlev, oats,
and rye were found to exhibit some differences
from wheat in their orientation. The records of
mean angles in table II include data for a central
root and the 2 lateral roots with tips farthest from
the seedling axis. Means for the face-view angles
of the primary root were comptuted only for erect
seedlings, as for wheat, becatuse the position of its
tip is always variable on a clinostat and the average
face-view angle is seldom significant.

The data for barley seedlings resemble those
for wheat except for the greater variability in the
orientation angles of the roots. The coleoptile
shows a greater tendency to grow faster on the side
nearest the endosperm. The central root grows on

Table IV. Effect of Gravity on Orientation Angles of WTheat Roots
Growth positions Erect - Clinostat Clinostat - Erect
Hrs of grox%th 38 34 38 34
Primary root face view I

"y "~ deviation*
y "99side view

Left root face view
yy "y side view

Right root face view I
" ") 9 side view

* Deviation from 1800 in face view.

182.2
10.0
21.4
244.1
12.1

117.1
15.3

H-4

-4-

4-

4-

+-

1.4
1.0
1.6
1.2
2.1
1.1
2.1

184.7
14.6
21.4

257.8
63.2

105.8
53.5

4-

4-

4-

4--

-4-

2.4
1.9
2.9
2.5
5.5
2.4
5.2

171.3
42.3
54.6

275.9
96.5
87.3
96.4

-I-

.4-

4-

+-

+-

5.4
3.7
2.9
2.0
5.9
1.5
6.8

171.7
30.5
39.8

252.2
46.6

109.5
41.5

4--
4-

4-

4-

-4-

+-

4.0
2.9
2.4
1.6
3.5
1.5
3.5
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the cliniostat at a 50 % greater side- iew angle with
the (O to 1800 axis of the embryo. Althouigh the 2
lateral roots do not grow at equal or characteristic
angles on erect plants, the 660 increase in the mean

face-vieNw angle for the left root (table II) and the
76° reduction in the mean angle of the right root
as they develop on a clinostat greatly exceed the
corresponding responses (47-480) of wheat to this
physical condlition. There seems to be some adljutst-
ment to gravity in growth regutlation throuighotit
the seedling.

Rye see(llinigs grown erect or on a clinostat are

mtuch like those of barley but there are quaintitative
differences in the coleoptile side angles and in the
changes in position of the lateral roots when they
grow oni a cliinostat. The anigular position of oat

roots, other than the central one, varies considerably
btut there is little or no (lifference between the
means of their orientation alngles on erect and clino-
stat seedlings. Only in the strong cuirvatulres of
coleoptiles onl clinostats (1o oats show an important
effect of gravity in the orientation of see(dling
organs.

Discussion

The frequient curvatures in coleoptiles of the
4 species grown on horizontal clinostats correspond
to the uinbalancedI growth reported in 1962 (8) for
stems of many Dicotyledoniouis plants in the absence

of gravitational force along their axes. Culrvatuires
un(ler the same conditioins have since been observed
in stems of corn and lily andl have been showin by

quantitative work with Coleuis (12) to be dule to aIn
imbalance of auxiin (lelivere(l to the cuirved tissues.

It is well established that IAA, the auxin foutnd
in andl uised for the radiocarbon tracer work with
Coleuts stems, is the predominant growth hormone in
coleoptiles. When Goldsmith and \Vilkins (4) and
Hertel andI Leopold (6) reported on lateral trans-

port of IAA by gravity in corn coleoptiles, they
noted the similarity of the lateral and longituidinal
transport mechanisms. The work on Coleus (12)
demonstrated the action of gravity in maintaining
an even distribution of IAA in axial tissues duiring
basipetal transport. The coleoptile curvattures of
this report amotunt to bioassays of imbalance in

their endogenous auxin suipplies when the action
of gravity on basipetal transport is eliminated. MIore
rapi(l growth on the endosperm side of the cole-
optile, the cauise of most of the side-view cuirvatures,
may be related to a source of the auixin precuirsor

in the endosperm.
The tendencv of most primary roots of wheat

seedlings to grow slightly faster on the side nearer

the embryo's axis when the plant is erect becomes
siginificant in the light of the much larger orienta-
tion angle of the side view when the effect of
positive geotropism is removed on the clinostat. A
possible explanation for both effects is that there

is such ain excess of au1xin suipplied to the outit ard
side of the very youing root that the force of grav-
ity is insufficient to equialize the amouniits present
in the zone of elongation; when gravity is prevented
from acting as an equializing factor, the root grows
even faster on the side nearer the embryo's axis.

The lateral orientation of the semiuial roots of
erect wheat at characteristic angles, in contrast wx-ith
the consistently (lifferent positions whein geotropic
responses are prevente(l, corresponds closely to the
behavior of herbaceouis branches as in Coleis (9).
The excess auxin delivered to the morphologically
uipper half of a branch, wvith part of the IAA trans-
ported laterally by gravity (11), provides for auxin
balance at a characteristic angle on an erect plant
but cauises epinastic cuirvatulre on a clinostat because
the uipper side then grows faster. The normal aingle
of a lateral root seems to be duie to the same auixin
balance if the seedling is erect to gravity, blut by
analogy with the auxin distribution described earlier
(2, 3) for positive geotropism in roots, the excess
(uinmeasuired) oIn the uipper side whein the seedling
is rotated arouind its axis leads to greater groNwth
on the lower si(le. The result is root epinastv, not
previously reported.

The epinastic cuirvatures of lateral roots are
reflectedl in the 6-fold increase (table II) in the
mean value of the side-view angle for a seedliing
groNvii on a clinostat; a different imbalance in
growth causes the root tip to be placed ouitsidle the
plane of the 2 roots. Since the curvature which
thus (lisplaces the root tip to either side of this
plane appears in both erect anid clinostat seedliings,
it probably represents variable imbalance in growth
of suispended roots, imperfectly controlled by gra-
ity in erect plants and uincontrolledl by it on a
clinostat.

The symmetrical root system of wheat seedlinigs
makes them the best subjects for study of the rela-
tion between gravity an(d growth regulators in grass
seedlings but wheat is not a special case for these
relationships. Barlev and rye differ from wheat
onlv in the degree to which they exhibit coleoptile
cuirvatures, imperfectly positive geotropism in a
pseu(loprimary root, and root epinastv of lateral
roots. Oat coleoptiles grow faster and have greater
imbalances in growth rate in the absence of a di-
rectional effect of gravity bult the roots of oat
seedlings show a limited dependence on gravity for
their growth regullation.
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